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Tight control of transposon activity is essential for
the integrity of the germline. Recently, a germ-cell-
specific organelle, nuage, was proposed to play
a role in transposon repression. To test this hypoth-
esis, we disrupted a murine homolog of a Drosophila
nuage protein Maelstrom. Effects on male meiotic
chromosome synapsis and derepression of trans-
posable elements (TEs) were observed. In the adult
Mael/ testes, LINE-1 (L1) derepression occurred
at the onset of meiosis. As a result, Mael/ sper-
matocytes were flooded with L1 ribonucleoproteins
(RNPs) that accumulated in large cytoplasmic
enclaves and nuclei.Mael/ spermatocytes with nu-
clear L1 RNPs exhibited massive DNA damage and
severe chromosome asynapsis even in the absence
of SPO11-generated meiotic double-strand breaks.
This study demonstrates that MAEL, a nuage com-
ponent, is indispensable for the silencing of TEs
and identifies the initiation of meiosis as an important
step in TE control in the male germline.
INTRODUCTION
Germ cells are key to the propagation and evolution of species.
Therefore, the ability to prevent and correct the deleterious con-
sequences of endogenous and exogenous damaging agents is
critical for germline function. Genome sequencing efforts over
the past decade revealed the enormous impact of transposable
elements (TEs) on the evolution and content of genomes
throughout the animal kingdom (Babushok and Kazazian,
2007; Kazazian, 2004; Lander et al., 2001; Waterston et al.,
2002). Derepression and mobilization of active TEs has been im-
plicated in gene mutation, abrogation or perturbation of gene ex-
pression, and DNA damage (Girard and Freeling, 1999; Han andDeveloBoeke, 2005). The mouse genome contains around 600,000
copies of LINE-1 (L1) non-LTR retrotransposon in various states
of decay (Waterston et al., 2002). Only about 3000 of murine L1
elements are thought to be active (DeBerardinis et al., 1998).
In response to the danger posed by active TEs, various spe-
cies have evolved elegant mechanisms of TE silencing, many
of which utilize RNA interference (RNAi), small repeat-targeting
RNAs, and Argonaute proteins (for a recent review see Slotkin
and Martienssen, 2007). Furthermore, RNAi-related factors often
localize to perinuclear electron-dense structures of various
shapes and numbers collectively called nuage (for ‘‘cloud’’ in
French) that are present in germ cells from over 80 animal spe-
cies (Eddy, 1975). These factors include Drosophila Aubergine,
AGO3, Armitage, and SPN-E (reviewed in Klattenhoff and Theur-
kauf, 2008), zebrafish ZIWI (Houwing et al., 2007), and mouse
MIWI (Kotaja et al., 2006). Based on these observations, nuage
has been proposed to function in the repression of TEs (Lim
and Kai, 2007). One model for transposon suppression in Dro-
sophila envisions the production of repeat-associated small
RNAs in nuage and their subsequent translocation to the nucleus
(Klattenhoff and Theurkauf, 2008). Once in the nucleus, small
RNAs could guide chromatin-modifying complexes to their tar-
get TEs to initiate silencing.
In mammalian germ cells, DNA methylation is the primary
known mechanism of TE silencing (Bourc’his and Bestor,
2004). Mouse primordial germ cells undergo genome-wide
DNA demethylation prior to activation of sex-specific differentia-
tion programs (Hajkova et al., 2002). In males, de novo DNA
methylation of TEs is orchestrated by DNMT3l protein in nonpro-
liferating gonocytes in late gestation (Bourc’his and Bestor,
2004). In addition to the core DNA methylation machinery (Goll
and Bestor, 2005), murine PIWI-like proteins MILI (Aravin et al.,
2006, 2007b; Kuramochi-Miyagawa et al., 2008) and MIWI2
(Carmell et al., 2007; Kuramochi-Miyagawa et al., 2008) and their
interacting repeat-targeting small RNAs (piRNAs) were recently
implicated in DNA methylation-based TE silencing in mice (Ara-
vin et al., 2007a; Aravin and Bourc’his, 2008). Just like in the
DNMT3l mutant (Bourc’his and Bestor, 2004), male germ cellspmental Cell 15, 285–297, August 12, 2008 ª2008 Elsevier Inc. 285
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ylation and to silence TEs (Kuramochi-Miyagawa et al., 2008).
These findings raise the possibility that small RNAs guide de
novo DNA methylation machinery to TEs in the mammalian
germline (Aravin et al., 2007a; Aravin and Bourc’his, 2008; Girard
and Hannon, 2008).
Whether nuage particles participate in TE silencing in the
mammalian germline is presently unclear. The best recognized
nuage in the mammalian germline is the chromatoid body of
round spermatids (Kotaja and Sassone-Corsi, 2007). Given its
prominence in haploid germ cells, this specific type of nuage is
most commonly associated with translational regulation of
germ cell mRNAs, possibly by an RNAi-like mechanism as sug-
gested by the presence of MIWI, Dicer, and miRNAs (Kotaja
et al., 2006). Even though earlier stages lack an equally promi-
nent structure, Eddy (1975) concluded that nuage is present at
various stages of germ cell development in rodents. This view
is now further supported by studies of other nuage components
like MVH (Toyooka et al., 2000), RNF17 (Pan et al., 2005),
TDRD1, TDRD6, and TDRD7 (Hosokawa et al., 2007) that are
present in nuage structures of spermatocytes. However, none
of these factors has been reported to be required for TE repres-
sion in mice.
To gain further insight into the mechanism of transposon re-
pression in the mouse germline, we focused on a murine homo-
log of a Drosophila gene maelstrom (mael) (Clegg et al., 1997).
Mael belongs to a group of Drosophila genes required for the
production of repeat-targeting interfering RNAs, repression of
TEs, and oocyte axis specification (Findley et al., 2003; Klattenh-
off et al., 2007; Lim and Kai, 2007). Mutations in these genes lead
to the accumulation of nonmeiotic DNA double-strand breaks
(DSBs) that are thought to trigger a checkpoint response and
derail oocyte development (Klattenhoff et al., 2007). In the Dro-
sophila female germline, MAEL is found predominantly in nuage,
but its function is unknown (Findley et al., 2003). MAEL contains
a domain with weak similarity to a high mobility group (HMG) box
DNA-binding domain, but otherwise its amino acid sequence of-
fers few clues about its potential biochemical function. Mouse
MAEL is expressed in the male germline where it was reported
to localize to the sex body in spermatocytes and to the chroma-
toid body in round spermatids (Costa et al., 2006). Consistent
with its chromatoid body localization, MAEL coimmunoprecipi-
tates with MIWI, MVH, and TDRD1 (Costa et al., 2006). In this
study we re-examined MAEL localization in the male germline
and generated a null allele of Mael. Our studies demonstrate
that MAEL is a component of perinuclear nuage and is essential
for TE repression in the male germline during early stages of
meiosis.
RESULTS
MAEL Localizes to Perinuclear Nuage
Previously, MAEL was reported to localize to the sex body in
spermatocytes and to the chromatoid body in round spermatids
(Costa et al., 2006). To further clarify MAEL localization during
spermatogenesis, we undertook a careful analysis of MAEL lo-
calization in male germ cells by immunofluorescence on frozen
sections, a three-dimensional preparation technique using fibrin
clot-embedded spermatocytes and immunoelectron micros-286 Developmental Cell 15, 285–297, August 12, 2008 ª2008 Elsevcopy (IEM) (Figure 1). The combination of these approaches es-
tablished that MAEL is a predominantly cytoplasmic protein that
localizes to perinuclear nuage. Low MAEL levels were observed
in the early stages of meiotic prophase I (leptonema to midpa-
chynema) (Figures 1A, 1B, and 1I–1K). MAEL started to accumu-
late throughout the cytoplasm and in prominent perinuclear
nuage in late pachytene and diplotene spermatocytes (Figures
1C and 1J). Meiotic metaphases and secondary spermatocytes
showed a high level of MAEL in the cytoplasm as well as in nuage
(Figures 1D and 1K). Round spermatids contained MAEL in the
chromatoid body and in a second smaller nuage (Figures 1E
and 1I). IEM revealed cytoplasmic (Figures 1M and 1N) and nu-
clear clusters of MAEL (see Figure S1A available online). These
results establish stage-specific recruitment of MAEL to perinu-
clear nuage during spermatogenesis. However, MAEL was not
found in the sex body using our or commercial anti-MAEL anti-
bodies (Figures S4A and S4C).
Targeting of Mouse Maelstrom
To determine the functional role of MAEL in vivo, we targeted
mouse Mael by homologous recombination in mouse embryonic
stem (ES) cells and generatedMael null mice. A single-copyMael
locus spans 37 kb of mouse Chromosome I (chr1:168,038,061–
168,075,419; Assembly February 2006). TheMael locus contains
12 coding exons that are spliced into a predicted mRNA with
a 1302 nt ORF. The gene does not overlap with any other known
or predicted genes, and no known small RNAs map to the Mael
locus. Thus, a deletion of the whole or a part of theMael locus will
be expected to exclusively perturb MAEL.
The loss-of-function allele of Mael was generated as outlined
in Figure 2A (see Supplemental Experimental Procedures for
details). Matings of Mael+/ animals produced viable wild-type,
heterozygous, and homozygous mutant offspring in normal
Mendelian ratios, suggesting that the zygotic function of MAEL
is dispensable for the viability of embryos, neonates, and adults
(Figure 2B). RT-PCR on testicular RNA samples of Mael/ ani-
mals revealed no expression of the remaining coding sequence
of Mael (Figure 2C). Western blot analysis revealed the presence
of a protein of expected molecular weight in the wild-type, but
not in the Mael/, testes (Figure 2D). Taken together, these re-
sults suggest that the generated mutant allele of Mael is null.
MAEL Is Essential for Spermatogenesis
Further analysis established that MAEL is essential for spermato-
genesis. In contrast to their wild-type and heterozygous siblings,
none of the tested Mael/ males (n > 20) sired progeny despite
normal mating behavior as determined by the presence of mat-
ing plugs. Examination of the Mael/ adult reproductive system
revealed normal anatomical appearance of their reproductive
system with the exception of a smaller size of testes (Figure 3A).
Histological analysis of juvenile mutant testes during the first
spermatogenic wave revealed a delay in meiotic entry of
MAEL-deficient spermatogonia at day 10 postpartum (p10). In
our experiments in the C57BL/6 genetic background, 21% of
wild-type tubules at p10 and 90% of tubules at p15 contained
spermatocytes (Figure 3B). By contrast, only 8% of the p10
and 70% of p20 seminiferous tubules showed evidence of mei-
osis in Mael/ testes. This analysis also revealed widespread
germ cell degeneration leading to a drop in the number ofier Inc.
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Nuage
(A–H) Localization of MAEL in spatially preserved
fibrin clot-embedded testis cell suspension. This
approach underestimates MAEL level (compared
to frozen sections below), likely due to a loss of
weakly associated MAEL during the fixation step,
but provides a clearer picture of MAEL localization
in nuage. All samples are wild-type unless indi-
cated otherwise. Cells are stained with anti-
MAEL (green) and anti-gH2AX (red) antibodies.
DAPI labels DNA blue. (A–D) MAEL localization in
(A) leptotene, (B) late zygotene, (C) late pachytene,
and (D) meiotic metaphase spermatocytes. (E–G)
MAEL localization in (E) round spermatids, where
arrows point to chromatoid bodies and arrow-
heads to a smaller nuage, and (F and G) elongate
spermatids with a single focus in the caudal cyto-
plasmic lobe, also most likely to be the chromatoid
body. (H) Mael/ pachytene spermatocyte sub-
jected to identical labeling with anti-MAEL anti-
body.
(I–L) Localization of MAEL in germ cells as re-
vealed by immunofluorescence in testicular frozen
sections. This approach retains all cellular MAEL
and is particularly useful in cells with low or mod-
est MAEL levels. Sections are stained with anti-
MAEL (green) and anti-gH2AX (red) antibodies.
DAPI labels DNA blue. All samples are wild-type
unless indicated otherwise. (I) A stage VI tubule
shows low MAEL signal in the type B spermatogo-
nia (arrow), a modest increase in midpachytene
spermatocytes (cells with gH2AX-positive sex
bodies), and a sharp increase in the cytoplasm
and chromatoid body of round spermatids (arrow-
head). (J) A stage XI tubule shows cytoplasmic nu-
age in zygotene (arrowhead) and diplotene (arrow)
spermatocytes. The signal in elongating sperma-
tids (step 10) was largely confined to the cyto-
plasm. (K) A stage XII tubule shows strong cyto-
plasmic MAEL signal in meiotic metaphases and
secondary spermatocytes, but cytoplasmic struc-
tures are apparent (arrow). (L) No specific signal
was obtained with the anti-MAEL antibody in the
Mael/ sections (stage II–III).
(M) Immunoelectron microscopy localization of
MAEL to a single spherical nuage in a wild-type
spermatocyte and to an adjacent cytoplasmic
cluster (circled).
(N) Immunoelectron microscopy localization of
MAEL to the chromatoid body in round spermatid
and two adjacent cytoplasmic clusters. Scale bar,
0.2 mm.spermatocyte-containing tubules between p20 and p30
(Figure 3B). Consistent with this observation, practically every
seminiferous tubule of a 56-day-old Mael/ testis had evidence
of prior or ongoing germ cell degeneration (Figure 3D). Most
strikingly, postmeiotic germ cells (round and elongate sperma-
tids) were completely absent, suggesting meiotic arrest of sper-
matogenesis in the absence of MAEL.
Further histological analysis revealed that Mael/ spermato-
cytes failed to complete meiotic prophase I (Figures 3E and 3FDeveloand Figures S2A–S2D). Specifically, we observed the appear-
ance of atypical spermatocytes of two types: some zygotene-
early pachytene spermatocytes began to exhibit compact nuclei
(Figures 3E and 3F, arrow) while others developed expanded nu-
clei with scattered chromatin (Figures 3E and 3F, arrowhead).
The two cells types were very similar to abnormal spermatocytes
present in Miwi2 mutant testes (Carmell et al., 2007). Abnormal
spermatocytes were eliminated by apoptosis by midpachy-
nema, around stage IV (Figure S2), consistent with activation ofpmental Cell 15, 285–297, August 12, 2008 ª2008 Elsevier Inc. 287
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(A) Exon-intron structure of the Mael locus and knockout strategy. Shaded areas of exons 1 and 12 represent 50 and 30 UTRs, respectively. Correctly targeted
hygromycin-resistant ES cell clones were transiently transfected with Cre-recombinase and cultured in the presence of ganciclovir to eliminate the selection
cassette.
(B) Genotyping by PCR of wild-type and mutant Mael alleles. Tail genomic DNA was assayed independently for the presence of wild-type and mutant alleles. WT
and Mut amplicons correspond to the wild-type and mutated allele, respectively. Inferred genotypes are shown above. M, 100 bp DNA marker.
(C) Gene expression in the wild-type (WT) and homozygous mutant (KO) testes as determined by RT-PCR using total RNA as templates. Shown are amplicons for
Mael, Mvh (germ-cell specific control), and Gapdh (ubiquitous expression control). ‘‘RT - ’’ and ‘‘Water’’ control reactions carried out with Gapdh primers.
(D) Western blot of wild-type and Mael/ testicular lysates probed first with anti-MAEL and then with anti-Actin (Santa Cruz) rabbit polyclonal antibodies.the pachytene checkpoint in response to incomplete synapsis of
homologous chromosomes.
MAEL Is Essential for Normal Chromosome Synapsis
in Meiosis
To better understand meiotic failure in the absence of MAEL, we
examined nuclear spreads of meiotic cells with antibodies
against SYCP3 and gH2AX (Figure 4). SYCP3 is an essential
component of axial elements (prior to chromosome synapsis)
and the lateral elements (after synapsis) of the synaptonemal
complex (SC) (Yuan et al., 2000). gH2AX is a marker of double-
strand DNA breaks (DSBs) in normal leptotene and zygotene
spermatocytes, the sex body, and autosomal asynaptic chroma-
tin in pachytene spermatocytes (Celeste et al., 2002; Mahade-
vaiah et al., 2001; Turner et al., 2005). Hence, in wild-type
spermatocytes, SYCP3 and gH2AX exhibit dynamic but
characteristic localization patterns during meiotic prophase I288 Developmental Cell 15, 285–297, August 12, 2008 ª2008 Elsevie(Figures 4B–4E). Thus, the SYCP3 and gH2AX patterns provide
a powerful tool to characterize meiotic progression in the ab-
sence of MAEL.
Careful analysis of 800 meiotic nuclei obtained from two Mael
mutant males (2 months of age) uncovered severe impairment of
meiosis in the absence of MAEL (summarized in Figure 4A with
examples shown in Figures 4F–4I). (Similar results were obtained
using meiotic spreads from a developmental series of juvenile
testes spanning the entire first wave of spermatogenesis [post-
natal days p10–p42; data not shown].) In contrast to pachytene
and diplotene spermatocyte-rich wild-type spreads (Figure 4A),
leptotene and zygotene spermatocytes dominated spreads in
the Mael mutants (26% and 33%, respectively). Only a minority
of spermatocytes (9%) were scored as pachytene (P bar in
Figure 4A), and less than 1% of spermatocytes reached diplo-
nema (D bar in Figure 4A). Thus, Mael-deficient spermatocytes
fail in zygonema of meiotic prophase I.r Inc.
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chromosome synapsis in the absence of MAEL. In 14% of
Mael/ spermatocytes despite some evidence of homolog
interaction, all 40 chromosomes were fully asynaptic (univalent)
and contained high levels of gH2AX in euchromatin (U bar in
Figure 4A; Figure 4F). Other Mael/ spermatocytes (9% of
counted cells) were on the verge of entering pachynema (judging
by the extent of sex chromosome synapsis) but were held back
by autosomal asynapsis (Z/P bar in Figure 4A; Figures 4G and
4H). Synaptic defects were also prominent in 75% of pachytene
Mael/ spermatocytes containing gH2AX-positive sex bodies
(P bar in Figure 4A; Figure 4I). Collectively, these findings identify
abnormal chromosome synapsis as a common meiotic defect in
Mael/ spermatocytes and suggest a role for MAEL down-
Figure 3. MAEL Is Essential for Spermato-
genesis
(A) Gross anatomical appearance of wild-type and
Mael/ testes of 3-month-old males.
(B) Share of spermatocyte-containing tubules in
wild-type and Mael/ testes during the first
wave of spermatogenesis (100 tubules counted
for each time point).
(C and D) Gross appearance and histological
sections of wild-type and Mael/ testes of
56-day-old animals. Mutant tubules either entirely
lack germ cells (asterisk) or have gaps indicative of
germ cell loss (arrows), and sloughing Sertoli and
germ cells (arrowheads).
(E and F) Epithelial stage II–III tubule from a p18
Mael/ mutant containing two types of abnormal
spermatocytes. Atypical cells with darkly stained
nuclei (arrow) appear first among zygotene sper-
matocytes at stage XI followed by the appearance
of atypical spermatocytes with large nuclei and
scattered chromosomes. Additional images are
shown in Figure S2.
stream of partner recognition but prior
or during the initiation of synapsis.
MAEL Is Not Required for Meiotic
Sex Chromosome Inactivation
To address a previously proposed role of
MAEL in meiotic sex chromosome inacti-
vation (MSCI), we examined Mael/
pachytene spermatocytes by fluores-
cence in situ hybridization with a Cot-1
probe for the presence of nascent tran-
scripts in the gH2AX-positive sex bodies.
The sex bodies of wild-type and Mael/
spermatocytes showed a comparably
low level of Cot-1 signal (Figure S3).
Thus, MAEL is not required for MSCI. Fur-
thermore, we determined that the anti-
MAEL antibody used in the original report
(Costa et al., 2006) is not specific to
MAEL. We carried out western blot
(Figure S4A) and immunofluorescence
(Figure S4B) studies on wild-type and
Mael/ samples with the anti-MAEL anti-
body used in Costa et al. (2006). These experiments revealed
crossreactivity of this anti-MAEL antibody with proteins other
than MAEL both on western blots and in the sex body of
Mael/ spermatocytes. Collectively, these results rule out a di-
rect role of MAEL in MSCI.
Biogenesis of piRNAs in the Absence of MAEL
Mael-deficient germ cell phenotypes were reminiscent of the de-
fects observed in Mili (Kuramochi-Miyagawa et al., 2004) and
Miwi2 (Carmell et al., 2007) mutants. Could MAEL be required
for biogenesis of MILI/MIWI/MIWI2-associated piRNAs? To ad-
dress this hypothesis, we examined small RNAs isolated from
wild-type and Mael mutant testes. Ethidium bromide staining of
the adult wild-type small RNAs revealed a characteristic 30–32Developmental Cell 15, 285–297, August 12, 2008 ª2008 Elsevier Inc. 289
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Mouse MAEL Protects the Male Germline in MeiosisFigure 4. MAEL Is Required for Chromosome Synapsis
(A) Distribution of wild-type (gray bars, 400 scored nuclei) and Mael/ (orange
bars, 800 scored nuclei) spermatocytes among different substages of the mei-
otic prophase I (L, leptotene; Z, zygotene; P, pachytene; D, diplotene), meta-
phase (M I/II), and atypical classes (U, 40 univalents; Z/P, nuclei combining
zygotene and pachytene features) of spermatocytes.
(B–E) Leptotene (B), zygotene (C), zygotene-pachytene transition (D), and
pachytene (E) stages of thefirstmeioticprophase inwild-type spermatogenesis.
(F–I) Representative examples of univalent (F), Z/P (G and H), and pachytene (I)
Mael/ spermatocytes.
(F) A Mael/ spermatocyte with 40 univalent (fully asynaptic) chromosomes
and high levels of DNA DSBs as indicated by gH2AX signal. Pairs of equal-290 Developmental Cell 15, 285–297, August 12, 2008 ª2008 Elsevnt piRNA cloud (Figure S5A). In contrast, corresponding RNA spe-
cies were never observed in adult Mael/ mutant testes. Since
repeat-targeting prepachytene piRNAs (Aravin et al., 2007b) are
present at levels insufficient for their detection by in-gel staining,
we turned to northern blots to evaluate their expression. Using
p15 small RNA samples, we found evidence of a prepachytene
piRNA-targeting SINE elements present in Mael/ mutant ani-
mals (Figure S5B), demonstrating that mice lacking MAEL remain
competent for production of prepachytene piRNAs.
However, we found no evidence of pachytene piRNAs in mice
lacking MAEL at p18 (Figure S5C) or any later age (Figure S5D).
Despite the fact that pachytene piRNAs could never be detected
by northern blot analysis in Mael mutant mice, using long-range
RT-PCR we were able to identify, albeit at a lower level, a full-
length precursor transcript that gives rise to numerous pachy-
tene piRNAs from a cluster on Chromosome 6 (Figure S5E) (Ro
et al., 2007). Given that Mael-deficient spermatocytes do not
progress past midpachynema, lack of pachytene piRNAs could
be explained by the failure of Mael-deficient spermatocytes to
reach a pachytene-piRNA-producing stage of spermatogenesis.
Derepression of Transposable Elements
in theMael/ Male Germline
To determine if the lossof mouse MAELresults inTEderepression,
we examined expression of the L1 element in adult testis sections
by in situ RNA hybridization using an antisense L1 probe (Figures
5A and 5B). Unlike wild-type, the Mael/ testis had high levels of
L1 transcript, particularly in tubules containing zygotene and ab-
normal early pachytene spermatocytes (inset, Figure 5B). No spe-
cific staining was obtained using sense L1 probe (data not shown).
To quantify derepression of TEs in the absence of MAEL, we
examined L1 and intracisternal A particle (IAP) element expres-
sion in adult testis by quantitative RT-PCR (qPCR). In the adult
mutant testes, we observed a 100-fold increase in the levels of
L1 expression over the wild-type (Figure 5C). We also observed
a 3- to 5-fold increase in IAP expression in adultMael/ mutants
over the wild-type. Thus, a component of mammalian nuage is
essential for transcriptional or posttranscriptional silencing of
at least two unrelated TEs in the mouse male germline.
To determine if the observed derepression of TEs in Mael mu-
tants was accompanied by reduced CpG methylation, we car-
ried out Southern blot analysis using an L1 probe. Samples of
testicular genomic DNA of wild-type and Mael/ adult animals
were digested individually with isoschizomers of opposite CpG
methylation sensitivity. Such analysis demonstrated that the L1
50UTR was fully methylated in the wild-type testes (+/+ sample,
Figure 5D). Likewise, genomic DNA extracted from the tail of
Mael-deficient adult males appeared fully methylated, leading
sized axial elements in proximity of each other (asterisk) suggest homolog
recognition.
(G) A Z/P Mael/ spermatocyte with synapsed sex chromosomes (arrow) but
only limited (asterisk) synapsis of autosomes and extensive DNA damage
(gH2AX signal).
(H) A Z/P Mael/ spermatocyte with minor autosomal asynapsis and syn-
apsed X (arrow) and Y (arrowhead) chromosomes.
(I) A pachytene Mael/ spermatocyte with asynapsed regions within bivalents
(insets) and nonhomologous synapsis (arrows).
Meiotic spreads in (B)–(I) are stained with antibodies against H2AX phosphor-
ylated on S139 histone (red) and SYCP3 (green). DAPI labels DNA blue.ier Inc.
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Mouse MAEL Protects the Male Germline in MeiosisFigure 5. MAEL Is Essential for TE Repression and L1 DNA Methylation
(A and B) In situ RNA hybridization analysis of L1 expression in the testes of adult wild-type (A) and Mael/ animals (B). A probe antisense to the 50UTR of L1 was
hybridized to adult testis sections. Sections are counterstained with nuclear fast red.
(C) Quantitative analysis of retroelement expression. qPCR was performed on random-hexamer-primed cDNAs made from whole RNA extracted from adult tes-
tes. Experiments were performed in triplicate. Error bars represent standard deviation.
(D) Southern blot analysis of L1 DNA methylation. Lanes marked by H contain genomic DNA cut with HpaII, a methylation-sensitive restriction enzyme, while M
denotes DNA cut with the methylation-insensitive enzyme MspI. Blots were probed with the same probe used for in situ analysis. Arrows mark expected bands.
Genomic DNA is from testes unless otherwise noted.us to conclude that MAEL is not required for somatic DNA meth-
ylation (/ tail sample, Figure 5D). However, digests of Mael/
testis samples revealed a loss of DNA methylation in the mutant
germ cells (/ sample, Figure 5D). This result is consistent with
the MAEL role in transcriptional repression of TEs by a mecha-
nism that involves DNA methylation.
Loss of MAEL Causes a Vast Accumulation of L1 RNPs
Could L1 derepression be a primary cause of the meiotic failure
and excessive DNA damage observed in the Mael mutant tes-Develotes? L1 transposition depends on the function of both of its en-
coded proteins, ORF1p and ORF2p (Babushok and Kazazian,
2007; Martin, 2006; Moran et al., 1996). Isoforms of ORF1p be-
tween 42 and 44.6 kDa can be detected in L1-expressing embry-
onal carcinoma cells (Martin and Branciforte, 1993) and in the
testis (Branciforte and Martin, 1994). We probed protein lysates
prepared from wild-type and Mael/ adult testes with an anti-
body to ORF1p (Martin and Branciforte, 1993) and observed
a vast increase in the ORF1p levels in the mutant sample (Fig-
ure 6A). Consistent with this result, we observed a massivepmental Cell 15, 285–297, August 12, 2008 ª2008 Elsevier Inc. 291
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Mouse MAEL Protects the Male Germline in MeiosisFigure 6. L1 ORF1p Accumulation in Cytoplasmic Enclaves and Nuclei of Mael/ Spermatocytes
(A) Western blot analysis using an antibody to L1 ORF1p reveals a large increase in the protein levels in Mael/ testis.
(B) Immunofluorescence using anti-ORF1p antibody on frozen sections of wild-type testes.
(C) Immunofluorescence using anti-ORF1p antibody on frozen sections of Mael/ testes. A significant number of Mael/ tubules contain spermatocytes with
high levels of ORF1p in the cytoplasm and nuclei.
(D) ORF1p localization in wild-type (WT) and Mael/ (/) germ cells. Spg A, type A spermatogonia; Spg B, type B spermatogonia; Cytoplasmic, localization of
ORF1p to cytoplasmic enclaves. Green, ORF1p; red, SYCP3; DAPI stains DNA blue.
(E) Percent of ORF1p-positive nuclei in various classes of Mael/ spermatocytes described in Figure 4.
(F) Cytoplasmic enclaves (arrows) in a p18 Mael/ spermatocytes. Shown are representative examples of spermatocytes from histological H&E sections either
subjected or not to RNase A treatment prior to staining.
(G) Electron microscopy of Mael/ testis reveals perinuclear domains (arrowheads) packed with presumed L1 RNPs (bar, 2 mm).292 Developmental Cell 15, 285–297, August 12, 2008 ª2008 Elsevier Inc.
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Mael/ testis (Figure 6C). Unlike wild-type (Figure 6B) or a differ-
ent meiotic mutant (Spo11/, Figure S6) where ORF1p was
present in only a subset of tubules at low to moderate levels,
Mael/ testes contained a large number of tubules with a high
level of ORF1p (Figure 6C). These results demonstrate that tran-
scriptional derepression of L1 elements results in a vast upregu-
lation of ORF1p levels specifically in the Mael/ testis.
The disruption of MAEL altered the timing of ORF1p expres-
sion. In the normal testis, detectable ORF1p expression was lim-
ited to leptotene, zygotene, and early pachytene spermatocytes
(Figure 6D and Figure S7). By contrast, in Mael/ testis ORF1p
expression was first detected in preleptotene spermatocytes
(enhanced cytoplasmic signal in Figure 6D; see Figure S7,
Mael/ panel for the original image). Subsequently, all Mael/
leptotene, zygotene, early pachytene, and atypical spermato-
cytes showed a high level of ORF1p. Type A and B spermatogo-
nia, like in the wild-type, showed little or no expression of ORF1p.
Thus, in the absence of MAEL, L1 ORF1p expression is initiated
precociously, in preleptotene rather than in leptotene spermato-
cytes at the onset of the meiotic program.
A high level of L1 expression in the absence of MAEL led to the
flooding of the cytoplasm with L1 RNPs. In the cytoplasm,
ORF1p was often observed in large perinuclear enclaves
(Figure 6D, Cytoplasmic). Similar cytoplasmic, bean-shaped
structures were also prominent in our histological samples
stained with hematoxylin and eosin (Figure 6F). We posited
that these structures are enriched in L1 RNPs. Indeed, a brief
pretreatment of the sections prior to hematoxylin/eosin staining
with RNase A reduced detection of these structures by the dye
(Figure 6F). In electron micrographs, these enclaves appeared
as large cytoplasmic territories almost completely surrounded
by membranes and filled with small particles of approximately
25–30 nm diameter that could represent L1 RNPs as they were
labeled with the anti-ORF1p antibody (Martin and Branciforte,
1993) (immunofluorescence in Figures 6G–6I, and immunoelec-
tron microscopy in Figure S8).
In a dramatic contrast to the wild-type spermatocytes where
none of 852 scored ORF1p-positive cells exhibited nuclear local-
ization, 34% of 1098 Mael/ spermatocytes contained nuclear
ORF1p (Figure 6D, Nuclear). Double-labeling of Mael/ nuclear
spreads with SYCP3 and ORF1p antibodies revealed that 89%
of univalent and 76% of Z/P spermatocytes (described earlier,
shown in Figure 4) contained nuclear ORF1p. These results dem-
onstrate that nuclear localization of L1 RNPs correlates with the
most prominent representation of chromosome asynapsis in the
absence of MAEL.
Overexpression of L1 elements in cultured human cells is
accompanied by the accumulation of gH2AX foci, suggesting
generation of DSBs in the transposition process (Belgnaoui
et al., 2006; Gasior et al., 2006). To address the relationship
between L1 expression and DNA damage in the mouse germline,
we examined 200Mael/ spermatocytes for nuclear colocaliza-
tion of ORF1p and gH2AX (Figure 6J). The analysis revealedDevelopthat 90% of Mael/ spermatocytes with nuclear ORF1p ex-
hibited a high level of gH2AX. Likewise, 90% of gH2AX-positive
mutant nuclei contained nuclear ORF1p. Cumulatively, these
experiments demonstrated that, in the absence of MAEL, dere-
pression of L1 results in a vast accumulation of ORF1p in cyto-
plasmic enclaves and in nuclei that show signs of severe DNA
damage.
DNA Damage in the Absence of MAEL Is Independent
of Meiotic DNA DSBs
Meiosis is characterized by programmed generation of a large
number of DSBs (300–400 in the mouse) introduced by SPO11,
a type II-like topoisomerase (Bergerat et al., 1997; Keeney
et al., 1997). Only around 25 of these DSBs are utilized for the ex-
change of genetic information between homologous chromo-
somes, while the remaining DSBs must be repaired to allow
further progression of meiosis. To differentiate between the
incomplete repair of meiotic DSBs and other DNA damage that
might have been accumulating in the absence of MAEL, we cre-
ated double mutant animals lacking both MAEL and SPO11 pro-
teins. To reveal DNA DSBs in Mael/ and Spo11/ (Roma-
nienko and Camerini-Otero, 2000) single mutant and Mael/;
Spo11/ double mutant spermatocytes, we used a combination
of antibodies to SYCP3 and gH2AX. In agreement with Baudat
et al. (2000), Bellani et al. (2005), and Romanienko and Camer-
ini-Otero (2000), Spo11/ spermatocytes exhibited a zygo-
tene-like arrest and few amorphous areas of gH2AX accumula-
tion (Figure 7A). In contrast, the elimination of MAEL in
a Spo11-deficient background induced extensive gH2AX signal
indicative of the accumulation of a large number of DSBs
throughout the genome (Figure 7B).
To confirm the presence of SPO11-independent DNA DSBs in
the absence of MAEL, we examined the localization of RAD51,
a recombinase physically recruited to DSBs (Kawabata et al.,
2005). Consistent with the absence of meiotic DSBs, we did
not observe RAD51 localization to the axial elements in the
Spo11/ spermatocytes (Figures 7C and 7D). Single Mael/
spermatocytes contained large numbers of RAD51 foci (Figures
7E and 7F). In a striking contrast to Spo11/ mutants, Mael/;
Spo11/ late zygotene spermatocytes also contained RAD51
foci on axial elements (Figures 7G and 7H). These results demon-
strate that DSBs in Mael/ spermatocytes are created by
a SPO11-independent mechanism.
DISCUSSION
To test the hypothesis of nuage participation in transposon re-
pression in the context of the mammalian germline, we studied
the localization and functional role of a murine homolog of the
Drosophila nuage protein Maelstrom. We demonstrate that
mouse MAEL localizes to perinuclear nuage in spermatocytes
and round spermatids. Disruption of MAEL results in a profound
defect in synapsis of homologous chromosomes in male meio-
sis, DNA demethylation of L1 elements, and a 100-fold increase(H) A close-up view of the cytoplasmic enclave shown in (F) (bar, 0.5 mm).
(I) A close-up view of the presumed L1 RNPs in the cytoplasmic enclave (bar, 100 nm).
(J) Colocalization of ORF1p and gH2AX in the nucleus of a univalent Mael/ spermatocyte. gH2AX; ORF1p double positive spermatocyte is inferred to be a uni-
valent spermatocyte based on the pattern of gH2AX staining (high level in euchromatin, very little in heterochromatin; compare to Figure 4F).mental Cell 15, 285–297, August 12, 2008 ª2008 Elsevier Inc. 293
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of nuage function in transposon silencing in a wide range of
animal species.
Our studies of Mael mutant testes suggest a close functional
relationship of MAEL with MIWI2 and MILI, two of three murine
PIWI-like proteins. Mael-, Mili-, and Miwi2-deficient spermato-
cytes fail to complete meiotic prophase and to assemble func-
tional synaptonemal complexes (Kuramochi-Miyagawa et al.,
2004; Carmell et al., 2007). Interestingly Mael- and Miwi2-defi-
Figure 7. Accumulation of DNA Damage in Mael/; Spo11/
Spermatocytes
(A and B) SYCP3 (green) and gH2AX (red) localization in Spo11/ (A) and
Mael/; Spo11/ spermatocytes (B).
(C–H) SYCP3 (red) and RAD51 (white in [C], [E], and [G] and green in [D], [F],
and [H]) localization in Spo11/ (C and D), Mael/ (E and F), and Mael/;
Spo11/ (G and H) spermatocytes.294 Developmental Cell 15, 285–297, August 12, 2008 ª2008 Elsevicient spermatocytes develop identical atypical morphologies
(not reported for the Mili mutant) prior to their elimination by ap-
optosis (Carmell et al., 2007). Furthermore, Mael and Miwi2 mu-
tant testes exhibit a common pattern of TE activation (high levels
of L1 expression and only modest derepression of IAP) that con-
trasts TE expression in the Mili mutant (Aravin et al., 2007b; Car-
mell et al., 2007; Kuramochi-Miyagawa et al., 2008). These data
suggest that MAEL plays a more prominent role in the MIWI2-de-
pendent processes, possibly at a post-piRNA production step
(since we did not observe reduction of prepachytene piRNAs in
the Mael mutant). Given that MAEL was reported to shuttle be-
tween the nucleus and cytoplasm in Drosophila (Findley et al.,
2003) and MAEL complexes were observed in the nucleus and
at nuclear pores in this study, we speculate that MAEL may facil-
itate trafficking of MIWI2-piRNA complexes to or from nuage.
Of particular interest is our observation of L1 expression at the
onset of meiosis in the absence of MAEL. It is generally accepted
that de novo DNA methylation of TEs in gonocytes of late gesta-
tion male fetuses is crucial for TE repression in the male germline
(Bourc’his and Bestor, 2004; La Salle et al., 2007). In addition, re-
cent studies demonstrated essential roles of MILI and MIWI2 in
de novo DNA methylation of TEs in fetal gonocytes (Kuramo-
chi-Miyagawa et al., 2008). Once established in the fetal germ
cells, repressive DNA methylation of TEs is expected to be main-
tained in the male germline into the adulthood. One would ex-
pect, therefore, L1 derepression to be apparent in both premei-
otic and meiotic germ cell populations of an adult Mael-deficient
testis. In our study, however, L1 RNA and ORF1p are found ex-
clusively in the adult Mael/ meiotic germ cells and not in the
spermatogonia. L1 ORF1p expression starts in preleptotene
Mael/ spermatocytes (characterized by the premeiotic S
phase) and persists until germ cell elimination. These results
suggest a more dynamic control of TE expression at the onset
of meiosis and parallel the findings of an earlier study of L1
expression in the testes (Branciforte and Martin, 1994). Taken
together, the two studies suggest a tantalizing possibility of the
existence of an epigenetic reprogramming step at the onset of
meiosis that involves transient derepression of TEs.
Our study provides compelling evidence of a highly detrimen-
tal effect of TE derepression on the male germline. We demon-
strate that L1 transcriptional derepression in the absence of
MAEL leads to flooding of spermatocytes with ORF1p found
both in the cytoplasm and nuclei. Cytoplasmic ORF1p is often
present in large enclaves that contain vast numbers of 25–30
nm particles that could be identical to L1 RNPs observed previ-
ously (Martin and Branciforte, 1993). Nuclear ORF1p localization
strongly correlates with accumulation of severe DNA damage
that is mechanistically distinct from developmentally pro-
grammed SPO11-generated meiotic DSBs. The presence of nu-
merous RAD51 foci in the absence of SPO11 further supports the
idea that Mael/ spermatocytes harbor an endonuclease that is
absent or inactive in wild-type and Spo11/ spermatocytes. A
leading candidate for such an enzyme is L1-encoded ORF2p,
whose N terminus has endonuclease activity (Feng et al., 1996)
that is required for retrotransposition and generation of DSBs
in cultured human cell lines (Gasior et al., 2006; Moran et al.,
1996). Finally, nuclear accumulation of L1 RNPs also strongly
correlates with defects in chromosome synapsis. A great major-
ity of Mael/ spermatocytes exhibiting the most severeer Inc.
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the univalent class). The precise mechanism of suppression of
synapsis by L1 is yet to be understood, but our results already
suggest a strong correlation between the frequency of nuclear
L1 RNPs, the severity of DNA damage, and asynapsis. Cumula-
tively, our study vividly illustrates an absolute requirement for ef-
ficient TE restraining mechanisms in the mammalian germline.
EXPERIMENTAL PROCEDURES
See the Supplemental Data for details on Southern blot analysis, northern blot
analysis, RT-PCR, and qPCR.
Generation of Mael Mutation
Gene targeting was performed in V6.5 (129SvJae3 C57BL/6)F1 ES cells. Fol-
lowing germline transmission of the mutant allele, theMaelmutation was back-
crossed to the C57BL/6 genetic background for ten generations. See the
Supplemental Data for details.
Anti-MAEL Antibody Generation
Rabbit polyclonal affinity-purified anti-MAEL antibodies to a peptide corre-
sponding to the C-terminal 22 amino acids of MAEL were produced at 21st
Century Biochemicals (Marlboro, MA).
Histology
Freshly dissected testes were fixed in Bouin’s fixative overnight at room tem-
perature. Testes were processed to paraffin, embedded, and sectioned at
a thickness of 6 mm. Slides were stained with hematoxylin and eosin.
Cryosections
After dissection of the testis, the tunica was punctured, and the testis was fixed
(2% PFA in PBS) on ice for 4 hr. Samples were passed through a sucrose gra-
dient (10%, 20%, 30% in water) and embedded in OCT. Sections of 10 mm
were used.
Preparation of Fibrin-Clot Embedded Samples
Fibrin clots were made as described in Baart et al. (2000) and Hunt et al. (1995).
L1 In Situ Hybridization
An L1 probe corresponding to nucleotides 515–1628 of the L1 sequence (Gen-
Bank accession number M13002) was transcribed from a pCRII-TOPO vector
using DIG RNA Labeling Mix (Roche). Freshly dissected testes were fixed in
Davidson’s modified fixative (30% 37%–40% formaldehyde, 15% ethanol,
5% glacial acetic acid, 50% distilled water) overnight at room temperature,
and then were processed to paraffin, embedded, and sectioned at a thickness
of 6 mm. After drying, slides were baked on a 60C hot plate for 30 min before
being deparaffinized in xylene, washed in 100% ethanol, and air-dried. Slides
were treated with 1 M sodium isothiocyanate for 20 min at 45C, rinsed, and
then digested with Proteinase K in 53 TE for 20–45 min at 45C. The optimal
extent of Proteinase K treatment was determined empirically. Slides were then
washed twice with 23 SSC, dehydrated, and air-dried. After denaturing slides
for 10 min in 70% formamide at 70C, denatured probes were applied in a hy-
bridization solution consisting of 50% formamide, 53 SSC, 53 Denhardt’s,
10% dextran sulfate, 250 mg/ml yeast tRNA, and 500 mg/ml herring sperm
DNA. Coverslips were sealed with rubber cement, and hybridizations were
left to incubate at 37C overnight. After hybridization, slides were washed in
once in formamide, twice in 23 SSC, once in 0.13 SSC, and three times in
PBS. Blocking was performed for 30 min in a blocking solution consisting of
6% goat serum/0.25% BSA/.2% Triton X-100 in PBS, and then a 1:5000 dilu-
tion of Anti-Digoxigenin-AP (Roche) was applied for several hours. Slides were
washed three times with PBS and then equilibrated with a buffer consisting of
100 mM Tris (pH 9.5), 100 mM NaCl, and 50 mM MgCl2 to activate the alkaline
phosphatase. BCIP reagent (Roche) was added onto slides and left to develop
for several hours to overnight. After developing, specimens were washed three
times in PBS and once in nanopure water and then counterstained for several
minutes with nuclear fast red. Slides were then dehydrated, cleared, and
mounted.DeveloCot-1 In Situ Hybridization
Cot-1 in situ hybridization was performed as previously described (Turner
et al., 2005). See Supplemental Data for details.
Preparation of Surface Spreads
Nuclear spreads of testis cell suspension were obtained as described in Peters
et al. (1997), with some modifications. Briefly, the tunica was removed from the
testis, and tubules were gently rasped with two forceps. The cell suspension
was collected and briefly centrifuged to remove large fragments. After a sec-
ond centrifugation, the pellet was resuspended in an equal volume of hypo-
tonic buffer (17 mM sodium citrate, 50 mM sucrose, 30 mM TrisHCl [pH
8.2]). After 7 min of incubation, cells were centrifuged for 7 min, and the pellet
was resuspended in a 100 mM sucrose solution after which it was applied to
slides dipped into fixative (1% PFA, 0.15% Triton X-100 [pH 9.2]). The slides
were kept for 1–2 hr in a humidified box. The slides were allowed to dry and
eventually washed in water containing 0.08% Photoflow.
Microscopy
A Nikon Eclipse E800 microscope equipped with a Diagnostic Instruments
model 2.3.1 digital camera was used for histology sections. Images of nuclear
spreads were taken on an Olympus BX61 equipped with a Hamamatsu C4742-
95 digital camera. For imaging of testicular sections, a laser-scanning confocal
microscope (SP2 or SP5; Leica, Exton, PA) was used.
Immunoelectron Microsopy
Testes were fixed at 4C overnight in 4% paraformaldehyde, 0.2% picric acid,
2% sucrose in 0.1 M PBS, washed in PBS (3 3 10 min), dehydrated with eth-
anol, embedded into LR Gold, and polymerized with UV at 4C (2 days) and
room temperature (2 days). Ultrathin sections were cut, collected on parlodion
coated grids, stained with anti-MAEL, ORF1p antibody, or normal rabbit serum
and 10 nm gold particle-conjugated secondary antibodies (Aurion), counter-
stained with uranyl acetate, and visualized with an FEI Tecnai 12 electron
microscope.
Immunofluorescence
Nuclear spreads were washed for 15 min in PBS 0.05% Triton X-100 and incu-
bated for 1 hr at 37C with blocking solution (PBS 0.05% Triton X-100, 10%
NGS, 3% BSA). Antibodies were applied (diluted in blocking solution) and in-
cubated at 37C for 30 min and at 4C overnight subsequently. The next day
slides were washed in PBS 0.05% Triton X-100 for 5 min, followed by a 10
min wash in PBS. Detection of primary antibodies was done by incubating
for 2 hr at 37C with corresponding secondary antibodies. After incubation,
slides were washed in PBS and counterstained with DAPI. Vectashield (Vector)
was used as antifading mounting solution. The same protocol was used for
cryosections, but slides were incubated at room temperature and secondary
antibodies were applied for 1 hr.
Detection of Apoptotic Cells
Apoptosis detection was done on paraffin sections using ApopTag Plus Fluo-
rescein In Situ Kit S7111 (Chemicon International) as recommended by the
manufacturer.
Antibodies
Antibodies used include mouse monoclonal anti-gH2AX (1:1000, Upstate;
#05-636), rabbit polyclonal anti-SYCP3 (1:750, Abcam; ab15092), guinea pig
polyclonal anti-Sycp3 (1:300, R. Benavente), anti-hRAD51 (1:300, R. Kanaar),
rabbit polyclonal anti-ORF1p (1:500 for IF and 1:2000 for WB, S. L. Martin), rab-
bit polyclonal anti-MAEL (1:100 for IF and 1:500 for WB, Abcam; ab28661),
rabbit polyclonal anti-MAEL (1:300 for IF and 1:1000 for WB, H. Cooke), and
rabbit polyclonal anti-Actin (c-11) (1:500, Santa-Cruz; sc-1615). The Zenon
Alexa Fluor 594 Rabbit IgG Z25307 labeling kit was used to directly label
Sycp3 antibody according to the manual. Secondary antibodies used were
Alexa goat-anti-rabbit 488, Alexa goat-anti-guinea pig 594 (Molecular Probes),
and goat-anti-mouse Texas Red (Jackson Immunoresearch). All secondary
antibodies were used at a 1:500 dilution.pmental Cell 15, 285–297, August 12, 2008 ª2008 Elsevier Inc. 295
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Supplemental Data include Supplemental Experimental Procedures and data
on MAEL localization, histological analysis of Mael KO testes, validation of
anti-MAEL antibodies, piRNA expression and LINE1 ORF1 expression. They
are available at http://www.developmentalcell.com/cgi/content/full/15/2/
285/DC1/.
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